One contribution of 6 to a discussion meeting issue 'Arctic sea ice reduction: the evidence, models and impacts (Part 2)' . 
Ice-rafted sediments of Eurasian and North American origin are found consistently in the upper part (13 Ma BP to present) of the Arctic Coring Expedition (ACEX) ocean core from the Lomonosov Ridge, near the North Pole (≈ 88 • N). Based on modern sea-ice drift trajectories and speeds, this has been taken as evidence of the presence of a perennial sea-ice cover in the Arctic Ocean from the middle Miocene onwards (Krylov et al. 2008 2010 . 02 .010)). We use a coupled sea-ice slab-ocean model including sediment transport tracers to map the spatial distribution of icerafted deposits in the Arctic Ocean. We use 6 hourly wind forcing and surface heat fluxes for two different climates: one with a perennial sea-ice cover similar to that of the present day and one with seasonally ice-free conditions, similar to that simulated in future projections. Model results confirm that in the
Introduction
The impact of seasonally ice-free conditions in the Arctic, as predicted for the coming century [1] [2] [3] , can be usefully constrained by examining periods in the Earth's history when this has previously occurred. However, direct evidence of seasonal sea-ice minima is sparse and so inferences need to be made from indicative proxy information which can be derived from many different terrestrial, lacustrine, cryospheric and oceanic archives. Discrepancies do, however, exist across inferences from different archives, and these need to be resolved if we are to make progress on assessing the impacts.
Over the history of the Cenozoic, the first appearance of sea-ice diatoms and sand-size ice-rafted debris (IRD) in marine sediments suggests an onset of Arctic sea ice ca 47 Myr BP [4] [5] [6] [7] . In cores retrieved by the Arctic Coring Expedition (ACEX, in 2004) from the Lomonosov Ridge near the North Pole (≈ 88 • N), the onset of continuous perennial sea-ice cover in the Arctic Ocean is inferred from the rapid change in provenance in the Mid-Miocene (ca 13 Ma BP, 156.5 m composite depth or mcd) from clinopyroxene originating in the western Laptev, Kara and Barents seas to amphibole minerals originating in the eastern Laptev and western East Siberian seas [8] -coincident with the opening of the Fram Strait and the modern oceanic circulation (see figure 1 for location of the main geographical features cited in the text). Similarly, Darby [9] concludes that the abundance of sediments originating from the Canadian Arctic Archipelago (CAA) in the same core since 13 Ma BP is indicative of the presence of a perennial sea-ice cover.
In many places in the Arctic, turbidity currents can transport sediments to the deep basins, confusing the interpretation of the sediment record. However, on the Lomonosov Ridge, sea ice is the main transport agent. The relatively low amount of larger IRD which can be transported by icebergs is also taken as evidence that rafting of sediment via sea ice is the most important mechanism for deposition of finer grain sizes to the Arctic submarine ridges [9] . For this reason, Darby interprets changes in the provenance of sediments at the core location as changes in sea-ice drift patterns.
With present-day drift speeds and trajectories, it takes approximately 2-3 years for sediment of East Siberian and eastern Laptev Sea origin to reach the ACEX core site (and approx. 4-5 years for sediment from the Beaufort Sea). Thus, multi-year ice would be necessary to transport these sediments, implying that the continual presence of amphibole minerals and minerals of CAA origin at the ACEX core site is indicative of perennial sea-ice cover. Only 133 samples, however, were analysed in the ACEX core over the period of 14 Ma BP to the present. While the time period between most samples is long enough for a temporary reversal to seasonal ice, Darby [9] argues that the probability that this condition is missed in all 133 samples is low.
Land and other marine records, on the other hand, show distinct periods of extensive warming and presumably seasonally ice-free Arctic conditions since the Mid-Miocene ( [4] Foraminifera and ostracods found in the Beaufort Mackenzie region as well as in other coastal Arctic margins are indicative of cool waters, but not maximally Arctic conditions. Additionally, at a site 700 km north of the northern coast of Alaska, there are no Arctic endemic species adapted to low productivity waters during the Pliocene. Finally, one record with unusually well-preserved calcareous microfossils suggests even more long-term persistently seasonal sea ice in the western Arctic in the Early Pleistocene [10] . All of this is indicative of at least seasonally ice-free conditions. In the Pliocene and early stage of the Quaternary (3.0-2.4 Ma BP), several indications of extensive warm periods are observed despite the general long-term cooling trend. For instance, beetles and plant microfossils similar to those of the southern Labrador Sea are found at Kap København Formation (Northeast Greenland). Marine fossils from the same location indicate conditions similar to those of the Siberian coast which experience two to three months of open water each year. There were periods of ice-free Arctic and/or intrusion of warm Atlantic waters in the Arctic as indicated by indigenous coccolith assemblages in the Late Pliocene to Mid-Pleistocene [11] . Fossil records (e.g. sea otters, herbaceous tundra, larch forest, gastropods and bivalves) from the Bigbendian Early Pleistocene marine transgressions (2.5 Ma BP) indicate severely restricted or absent perennial Arctic sea ice on the north shores of Alaska ( [4] and references therein).
Even during the Quaternary, while heavy sea-ice conditions were generally dominant, many periods of low (possibly seasonal) sea-ice cover have been identified. For instance, mollusc species, sea otter remains and intertidal gastropod Littorina squalida from the Fishcreekian marine transgression (Early Pleistocene) indicate milder temperature and suggest that perennial sea-ice cover was absent or very limited during that period [4, 12] . Recent analysis from Marine Isotope Stage (MIS) 11 (400 ka BP) show a peculiar planktonic foraminiferal composition dominated by a subpolar species in the western Arctic [10, 13] . In addition, pollen records from marine sediments off the southwest coast of Greenland and analysis of biomolecules from deep ice cores yield evidence of the presence of northern boreal forest in southern Greenland [14, 15] . Such forested
landscape indicates warmer July and winter mean temperatures, higher than 10 • and −14 • C, respectively, and suggests an almost complete disappearance of the Greenland southern ice dome at some point in the last 500 kyr. Conditions leading to such a land ice configuration in Greenland would probably be accompanied by low sea-ice conditions in the Arctic.
During the last interglacial (MIS 5e and a), Miller et al. [16] report a 5 • C warmer winter and the presence of forest along the Eurasian coast of the Arctic and planktonic foram typical of subpolar, seasonally ice-free oceans, lived in the central Arctic and north of Greenland [17] [18] [19] . Given that this is the location where the thickest ice is present today, most of the Arctic may have been seasonally ice-free during those two intervals [4] , in line with high insolation and warm temperatures at high northern latitudes at that time.
Most recently, during the Early Holocene, periods of low, but perhaps not seasonally ice-free Arctic, were likely to have been present [20] . Wave-generated beaches from northeast Greenland over several hundred kilometres indicate seasonally ice-free Arctic in this region as far north as 83 • N [21] [22] [23] . Molluscs dating from 8.6 to 6 ka on the same beaches were also present [4] , and there was a minimum of driftwood flux to North of Greenland [24, 25] . Driftwood records from coastlines north of Ellesmere Island also indicate the absence of perennial land-fast ice present in this region [26] . During that period bowhead whale records indicate that the CAA was free of ice at least during some months [27] . However, dinocyst assemblages from a marine core north of the Chukchi Sea indicate a continuous sea-ice presence throughout the year over the Holocene [28] , though this reconstruction comes with large uncertainties.
Given the obvious discrepancy between the central Arctic IRD record and the wealth of other proxy evidence, the assumptions underlying the interpretation of the IRD record are worth examining. Specifically, we explore the patterns of sea-ice sediment deposition in a coupled seaice and ocean model in varying climate regimes, including one with seasonally ice-free conditions. If sediment can be transported from the East Siberian/Laptev or Beaufort Sea to the ACEX core site (see figure 1) within one season in a warmer climate, then that would imply that perennial sea-ice cover is not necessarily required to explain the IRD record. Conversely, if sediment only reaches this region when multi-year sea-ice cover is present, the inferences of continuous perennial sea ice would be supported.
Sediment transport by sea ice and the Arctic Coring Expedition core
While some sediment enters the Arctic Ocean via river run-off, and aerially via wind transport, the main source of sediment transported by sea ice is resuspension of shelf sediment. In shallow depths, the fine fraction of sediment (fine sand, silt and clay) is resuspended via turbulent mixing induced by winds, tides and ocean currents, and incorporated into sea ice during freeze-up (suspension freezing) [29] [30] [31] . While coarser sediments from coastal regions can also be entrained into land-fast sea ice, those sediments are redeposited locally the following summer and are not involved in long-range transport during the following summer melt. Sediments entrained into sea ice in polynya regions located at the edge of the land-fast ice can drift past the continental shelf and be deposited in the central Arctic and beyond when the sea ice melts. During the cold season, ice accretion occurs at the ice base. During the summer, melt occurs both at the surface and at the base, but, on average, basal ice accretion during winter exceeds basal melt in the summer. For this reason, sediments tend to be preserved in the sea ice during subsequent summers and appear to 'migrate' upwards towards the surface after a few freeze/thaw seasonal cycles [32] . When sea-ice ridging occurs, this simple series of events is disrupted and distinct layers of sediments can be found at various depths in the ice.
Sea-ice model
We use a coupled slab-ocean sea-ice dynamic-thermodynamic model of the Arctic Ocean and its peripheral seas with a spatial resolution of 80 km. Sea-ice motion is determined from a balance between the surface wind stress on the top of the ice, the ocean drag below, the internal ice stress [33] . The dynamics of the model are forced with 6 hourly varying geostrophic winds from the National Center for Environmental Prediction and the National Center for Atmospheric Research (NCEP/NCAR) reanalysis. Conservation of mass is used to calculate the temporal evolution of the mean sea-ice thickness via thermodynamic (ice growth and melt) and dynamic (ridging and lead opening) processes. A zero-layer (no thermal inertia) thermodynamic model [34] with two ice thickness categories ( [33] , mean ice thickness h and fraction of a grid cell covered by ice A) is used to calculate the internal sea-ice temperatures and the thermodynamic source term for surface melt and basal growth/melt. The mechanical source term on the other hand is simply the divergence of the sea-ice mass flux. The thermodynamics of the model are forced with monthly mean atmospheric fields from the NCEP/NCAR reanalyses. The key parameters defining the dynamics of sea ice (drag coefficients and ice compressive/shear strength) in this model were chosen to minimize the error between the simulated and observed drifts from the International Arctic Buoy Programme ( [35] , IABP).
The model is coupled to a slab-ocean thermodynamic model that calculates the surface ocean temperature taking into account advection of heat by surface ocean currents, diffusion and surface ocean-atmosphere heat fluxes. Climatological, spatially varying ocean currents are obtained from the steady-state solution of the Navier-Stokes equation in which the advection of momentum is neglected, a two-dimensional non-divergent flow field is assumed and a quadratic drag law is used. We chose this simple coupled ice-ocean model forced with contemporaneous atmospheric field-as opposed to a fully coupled Global Climate Model (GCM)-because of small biases in the exact geographical location of the Beaufort Gyre that are present in GCMs participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) (as they were in CMIP3) [36, 37] . These biases can lead to significant differences in pathways and transit times between coastal areas where sediment is incorporated into sea ice and the ACEX core location. Furthermore, as we are specifically interested in the dynamics of the seasonal ice pack, the details of the growth/melt of the seasonal ice cover do not impact our conclusions. More details about the model and numerical method used to solve the sea-ice momentum equation can be found in [38, 39] .
We perform two basic experiments, a present-day simulation with perennial sea-ice cover (PERENN), and a warmer simulation with a seasonal sea-ice cover (SEASON). For SEASON, the model is run with the same forcing as PERENN but with increased downwelling longwave radiation. This is done by increasing the emissivity of the atmosphere by a constant factor to simulate the impact of an increase in greenhouse gas forcing.
For each of the simulations, the model is run for 40 years (1949-1998) starting from realistic initial conditions (h and A obtained from a 10 year simulation forced with a random set of 10 years selected in the 1949-1998 time period). In the autumn (or winter) of each year, when ice first forms in a model grid cell with depth smaller than 30 m (see figure 1) , a passive tracer is introduced at the grid centre location, representing sediment entrapped in the ice. For PERENN the tracer is introduced in October, and in SEASON it is introduced in January, when ice first forms in the peripheral seas of the Arctic. The passive tracer is then advected in a Lagrangian manner and the x-y coordinates, ice thickness, ice concentration and amount of sediment deposited by sea ice at the tracer location are recorded each day.
In the following, we assume that sediments are at the surface of the ice. As sediments can be present in the interior of the ice, this constitutes a lower-bound (more conservative) estimate of sediment deposited by sea ice. In a two-category sea-ice model, the implied sea-ice thickness distribution is linear and ranges from 0 to 2h metres. Therefore, the amount of newly formed open water area (δA), for a mean sea-ice thickness melt (δh), is equal to δhA/2h. The amount of sediment deposited at each time step, in turn, can be calculated as S L δA = S L δhA/2h, where S L is the sediment load per unit area (e.g. 16 tons km −2 , [33, 38, 40] ). The total sediment deposited in a model grid cell for a specified time period is the sum of the sediment deposited at each time step.
In the following, we focus on the sediment deposited by a seasonal ice cover and only sediment deposited by sea ice of 1 year of age and younger is considered. 
Results
We show simulation results for the spatial distribution of sediment transported by sea ice for the two different Arctic climates. The simulated sea-ice thickness distribution for PERENN in March and September is realistic when compared with observations ( [41] [42] [43] ; figure 2). For SEASON, the maximum sea-ice thickness in the winter decreases from 6 to 3 m and the minimum (September) sea-ice cover is thin (1 m or less) and has retreated far from the Eurasian coastline (figure 2). Its geographical location is very similar to that simulated by the Community Climate System Model for the year 2040 after a transition to nearly seasonal sea-ice cover described in Holland et al. [3] . For PERENN, sediment of Beaufort, East Siberian and Laptev Sea origin is mainly redeposited on the Yukon, Alaskan and Eurasian shelf with some deposition across the shelf break extending outwards towards the central Arctic ( figure 3) . This supports the suggestion from Krylov et al. [8] that with today's drift speed and sea-ice circulation pattern, sediment from the Eurasian coast cannot reach the North Pole ACEX core location in a single season. For SEASON, sediment deposition again mainly occurs on the continental shelf break, and also extends far along the path of the Transpolar drift stream, reaching the ACEX core site and recirculating also in the western branch of the Beaufort Gyre (in the case of Eurasian sediment) (figure 4). Note that the transport is far greater despite the fact that the ice season is much reduced in length (January-June in SEASON as opposed to October-July in PERENN). The main reason for the faster drift speed is the thinner sea-ice cover and the corresponding smaller sea-ice interaction term. The sediment of Beaufort Sea origin does not quite reach the North Pole in SEASON (figure 4a) . The model gives a conservative estimate of sediment transported (as all the ice must melt to contribute sediment), and the model is forced with contemporaneous wind forcing rather than wind patterns that might be more representative of a warmer climate.
Simulated drift distances (and sediment deposition patterns) are dependent on how the seaice interaction term is parametrized. In the commonly used viscous-plastic sea-ice formulation of Hibler [33] , this is a function of sea-ice deformation, thickness and concentration. In order to evaluate these results, we can use modern day observations to constrain the dependency of sea-ice drift on sea-ice thickness. While there are not (yet) any summer ice-free conditions in the modern record, sea-ice conditions (thickness, extent and age) have changed significantly in the last few decades giving useful comparisons with the simulations, albeit over a smaller range of conditions.
An upper bound for the drift distance of seasonal sea ice from the Eurasian coast can be assessed from the wind forcing assuming free drift. The climatological October 1993-January 1994 [40] , which travelled around 2500 km over the course of an eight months drift, i.e. the distance from the Eurasian coast to just north of Greenland. Using buoy data from the IABP, Rampal et al. [45] report a 17% and 8.5% increase in drift speed per decade over 1979-2007 for winter and summer, respectively-centred around a mean drift of approximately 5.7 and 7.3 Perhaps, the most decisive evidence of an increase in sea-ice drift speed as the sea-ice thins comes from a correlation map between sea-ice thickness and drift speed data from the PanArctic Ice-Ocean Modeling and Assimilation System (PIOMAS) ( [48] ; figure 5 ). This is a coupled ice-ocean model forced with reanalysis atmospheric forcing and in which satellite-derived concentrations are assimilated. The sea-ice thickness from PIOMAS compares favourably with ice draft measurements from submarines, recent satellite-derived sea-ice thickness observations and sea-ice drift from buoys, though the range of sea-ice thickness is slightly reduced compared with observations [49] . At present, this is the most integrated and consistent dataset of sea-ice drift speed, thickness and concentration for recent years. Approximately, 35% of the variance in monthly mean sea-ice drift speed is explained by changes in sea-ice thickness (based on a linear regression of the data and after scaling the sea-ice drifts with the square root of the surface wind stress). For a seasonal sea-ice cover ranging from 0 to 1.5 m [3] , the sea-ice drift speed is approximately 8.5 cm s −1 , compared with about 4.5 cm s −1 for sea-ice thickness ranging from 1 to 3 m. This is nearly a factor of 2 difference in drift speed, in general accord with the increased range of sediment transport by sea ice produced by our model. 
While the quantitative conclusions from our simulations are consistent with recent changes in drift speed, the conditions during previous warm periods that might have led to seasonally ice-free conditions are less clear. Specifically, many aspects of the climate would probably have changed. Nonetheless, the results presented above are robust to the exact geographical distribution of the minimum sea-ice extent or how the surface radiation budget was modified to achieve the seasonal sea-ice cover (results not shown). Regardless of the specific mechanism that leads to seasonal ice-free conditions, the impacts on drift speeds and sediment distribution are likely to be similar.
However, earlier warm periods might have key differences in the prevailing seasonal wind patterns. For instance, Bischof [50] argues that ice in the Beaufort Sea transited to Fram Strait in almost a direct line along the 180-0 • meridian during the Late Pleistocene, implying a much reduced Beaufort Gyre and broader Transpolar drift stream. This is qualitatively in line with GCM results that project a more positive Arctic Oscillation index in a warmer climate [51] . Recent work has suggested a complex connection between sea ice decreases and jet stream variability in all seasons [52, 53] , although with some controversy about their significance [54, 55] . The drift speed changes seen in our experiments are, however, large enough to be robust given these estimates of wind pattern change, but we cannot rule out more complex coupled interactions. Thus, while this experiment does not show unequivocally that sediment of Beaufort Sea origin can reach the ACEX core location in seasonally ice-free conditions, we conclude it may be possible in the light of palaeo-evidence that suggest a more direct (shorter) route from the Beaufort Sea to the North Pole [50] .
Conclusion
On very general grounds, an assumption of constant sea-ice drift speed in a much warmer Arctic is unlikely to be valid as resistance to ice motion decreases as ice concentration and thickness decrease. We have quantified this relationship using ice-ocean model experiments, combined with an analysis of drift speed variability inferred from observations, and conclude that drift speed actually increases dramatically as sea-ice cover thins. In the case where the Arctic is seasonally ice-free, drift speeds in our experiment increase by more than a factor of 2, greatly extending the spatial extent over which Eurasian and Beaufort Sea sediment can be deposited by first-year ice. Given that this range easily encompasses the location of the ACEX core on the Lomonosov Ridge, we conclude that the presence of ice-rafted sediment there is an indicator only of the presence of sea ice but not necessarily a perennial ice cover.
We therefore see no reason to disagree with previous assessments of the terrestrial records [4] , that there have been very likely many periods in the recent past when summer largely ice-free conditions have prevailed. There is great potential in using these periods to help infer the lowerlatitude consequences of the seasonal nearly ice-free conditions which we expect to reoccur in the relatively near future [3, 56] .
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